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I. I NTRODUCTI ON
URRENT transfer through near-electrode layers of high-C pressure plasmas may occur in a diffuse regime, when the current is distributed more or less uniformly over the electrode surface, or in a regime with arc spots. Diffuse regimes realize at lower values of the average current density, regimes with spots at higher values.
From the point of view of a theoretical description, diffuse regimes are simpler, since they may be treated in the framework of a one-dimensional model. These regimes have been intensively studied experimentally, which facilitates verification of a theory. Recently, the question of a theoretical description of diffuse regimes gained additional attention due to indications [1]-[3] that these regimes may, in certain conditions, realize at current densities much higher than previously believed. Another ieason for enhanced interest in this question is related to the fact that each one of the theories describing regimes with arc spots, which are rapidly developing now, must include some model of one-dimensional current transfer through a near-electrode layer as a very important constituent; see, e.g., [4] - [lo] . Papers concerned with various aspects of a theory of diffuse current transfer to electrodes in a highpressure plasma include, e.g., The aim of the present paper is to summarize theoretical information on the physics of diffuse current transfer through near-electrode layers in a high-pressure thermal plasma of molecular gases, and to treat in the framework of a single model phenomena in a wide range of conditions, i.e., for both cathode and anode regimes, with and without magnetic field, etc. The plasma of the N2/H20/C02 mixture with an alkali Manuscript received Nov. 10, 1994; revised Dec. 28, 1994 . M. S. Benilov 
II. THE MODEL

A. Governing Equations
Consider a steady-state flow of a high-pressure weakly ionized thermal plasma past a conducting surface (electrode). The whole flow field may be divided into the region of the inviscid flow and the near-electrode viscous boundary layer. The electrode is assumed cooled, and the temperature T, of its surface is appreciably lower than the temperature T, of the undisturbed plasma. The variation of the temperature of the neutrals from T, to T, is localized in the viscous boundary layer. The phenomenon under consideration is current transfer across the boundary layer.
If the effect of ionization on the flow of the neutral species and of the plasma on the whole is neglected, distributions of the neutral temperature and of the densities of the neutral species in the boundary layer may be found from the gas dynamics computations in the framework of the theory of multicomponent neutral viscous boundary layers (for example, the code described in [26] may be used for the plasma of the N2/H20/C02 mixture with an alkali seed) and will be considered as known. Thus, the problem consists of determining distributions across the boundary layer of number densities ni, ne of the ions and the electrons and of the electric field strength E.
The system of governing equations may be written as follows: Here, pz, p,, Di, and De are the mobilities and the diffusion coefficients of the ions and of the electrons, w is the rate of change of the number densities of the ions and of the electrons due to volume ionization and recombination, n is the total number density of the plasma particles, the axis y is directed from the electrode surface into the plasma. Equation (1) shows the equations of conservation of number of the ions and of the electrons, respectively, combined with the hydrodynamics transport equations. The first terms in the square brackets account for diffusion, the second terms account for drift. Since the thickness of the viscous boundary layer is usually much larger than the Debye radius and the recombination length, convective transfer of the charged particles is insignificant as compared to diffusion and drift. Therefore, the convective terms are not included in (1). (This does not mean, however, that convective effects may be neglected when analyzing distributions of neutral species and parameters of the plasma on the whole.) Equation (2) is the Poisson equation.
Note that the hydrodynamics description of the ion transport [the first equation in (l)] is valid, provided that the mean free path ion-neutral A i is much less than the characteristic macroscopic length scale. When writing the hydrodynamics transport equation for the electrons [the second equation in (l)], it is implied that the electron distribution function is governed by local values of the parameters T, E / n , and of the mole fractions of the neutrals. This supposition holds if the length of the energy relaxation electron-neutral A, is much less than the characteristic macroscopic length scale.
B. Kinetic and Transport CoefJicients
The plasma of combustion products with an alkali seed is chosen as an object of modeling in this paper. Pressure of such a plasma is typically on the order of atmospheric, and the temperature at large distances from the electrode is on the order of 2500K. Discussion of chemical kinetics of neutral species of this plasma may be found, e.g., in [26] and in references therein. The neutral species may be divided into major species N2/H20/C02, whose mole fractions in the mixture are of order of 10 percent and higher, and minor species, whose fractions are essentially lower. Transport coefficients of the ions and the electrons are determined primarily by collisions with molecules of the major species, a contribution of minor species is small and will be neglected. Contributions of minor species to kinetics of ionization and recombination is also small and will be neglected the only exception is represented by the free alkali atoms that play a decisive role in stepwise ionization. Thus, the model considered in the present paper accounts for four neutral species of the plasma: three major species N2/H20/C02 and the alkali atoms. The mole fractions of the major species vary only slightly across the boundary layer and will be considered constant, the mole fraction of the alkali atoms will be treated as a known function of y (this function may be computed, e.g., by means of the code [26] ).
Note that A, is on the order of 1 pm, and A, is of order of 10 pm in the above-described conditions, and the hydrodynamics description of transport of the charged particles is applicable (note also that kinetic effects were studied in [ 191 and found not to be decisive).
For calculation of the kinetic and transport coefficients of the charged particles in a strong electric field, the model similar to that of [16] is used. According to this model, the source term is written as w = (kiln1 +kene)ns +kizn,n-(k,lni +krene)nine. (3)
Here, the first term on the right-hand side accounts for stepwise ionization of the alkali atoms through collisions with H20 molecules and the electrons, the second term accounts for direct ionization of N2 and H20 molecules from the ground state by the electron impact, the third term accounts for stepwise recombination. k i l , ki,, ki2, ICrl, and k,, are the rate coefficients of the corresponding processes; nl and n, are the number densities of H20 molecules and of the alkali atoms.
The quantity kiz is a very strong function of the value of E / n and is exponentially small at moderate values. The dependence of k i e , k,~, and k,, on E / n is not significant in the considered conditions (E is not too large in those regions where the corresponding processes are important) and may be neglected. Therefore, the coefficients ki1 and k,~, k i e , and IC, , are related in terms of the local value ne, of the equilibrium quasineutral (Saha) number density of the charged particles and (3) may be rewritten as
At moderate values of E, when the dominant role is played by the stepwise ionization of the alkali atoms, the ions of the alkali atoms appear mainly. At large values, when the direct ionization is significant, the ions N2+ and H20+ may appear in considerable quantities. The mobilities of all these ions do not differ too much; therefore, the values corresponding to the alkali ions are taken for pi. Dependence of pi on E / n is weak and may be neglected. The diffusion coefficient of the ions (as well as of the electrons) is evaluated in terms of the mobility with the help of the Einstein relationship. The rate coefficient ki2 of direct ionization and the mobility pe of the electrons are determined as functions of the local values of E / n , T, and of the mole fractions of the major species.
The above considerations do not take into account the possible presence of the magnetic field. Suppose now that the magnetic field of some tesla directed along the electrode surface is present. In a general case, the effect of the magnetic field results is the appearance of the induced electric field and in the tensor character of transport of the charged particles (the components of the charged particle fluxes appear that are perpendicular to the gradients and to the magnetic field). In the considered conditions, the effect of the induced field may be neglected, since the potential difference induced in the boundary layer is small as compared to the voltage drop in the layer. The effect of the tensor character of ion transport also may be neglected, since the Hall number for the ions is small. However, the Hall number for the electrons is comparable to unity; therefore, the tensor character of transport is important for the electrons: if (2, y, z ) is a Cartesian coordinate system such that the axis y is directed from the electrode surface into the plasma and the axis z is directed along the electrode surface in the direction of the magnetic field, then the vector of the electron flux has a component along the z-axis that is comparable to the y-component. Generally speaking, this requires an account of the term with the derivative of the xcomponent of the electron flux in the equation of conservation of the electrons. However, this term is small, and in the approximations of the viscous boundary layer theory, should be disregarded. Hence, the above remains valid also with an account of the magnetic field if De and pe are the diffusion coefficient and the mobility of the electrons in the transversal magnetic field.
C. Boundary Conditions
The boundary conditions for (1) and (2) are as follows. The conditions of chemical and ionization equilibrium hold in the plasma volume, as well as the condition of electrical neutrality; therefore, the differences (n; -ne.) and (ne -ne.) tend to zero at large distances from the electrode surface. On the electrode surface, the charged particle densities are assumed zero (see the discussion in [27] ), except the electron density in case of the emitting cathode. The boundary condition for the electron density in the latter case may be written down easily if the condition ]El << kT/(eX,) holds near the surface (here k is the Boltzmann constant); in the case, the electron distribution function is close to Maxwellian with the neutral temperature right up the cathode surface and the boundary condition reads The results of the numerical solution [28] of the kinetic equation are to be employed to formulate the boundary condition for the case IEl > kT/(eX,). However, for simplicity, the condition (5) will be used also in this case, assuming that C, is the thermal velocity that corresponds to the local values of E / n , T, and of the mole fractions of the major species.
The value of the current density j from the electrode surface into the plasma is specified as the last boundary condition. Now the problem is stated. Mathematically, it is the boundary-value problem for the system of nonlinear ordinary differential equations, which may be solved only numerically. 
D. Method of Numerical Solution
Equation (2), which governs the distribution of the electric field, is inconvenient for numerical calculations, since the only term of this equation that contains the electric field is small in the major part of the boundary layer (outside the space-charge sheath). To get a more suitable equation, subtract equations (1) and integrate the obtained relationship (which is, evidently, the equation of continuity of the electric current). Excluding n; from the obtained equation, one gets Now the system of governing equations includes (6) 
An iterative algorithm is used to solve the considered system. The equations are linearized by means of the Newton's method, and at each step of the iteration process are solved jointly by means of the finite difference scheme of the fourth order of approximation. The calculation of every current-voltage characteristic starts from the value j = 0, for which the choice of an initial approximation is not essential. For every subsequent value of j , the solution obtained for a preceding value is used as an initial approximation. To ensure convergence of the iterations, all regions of fast variation of the solution must be resolved, which requires a numerical grid with a variable step.
In. RESULTS OF NUMERICAL MODELING
The choice of conditions for which the results will be presented is not crucial, since calculations that have been carried out for different conditions give qualitatively similar results. The results presented below refer to the case when the mole fraction of the seed atoms x, is assumed constant across the boundary layer, and the distribution of the neutral temperature is described by a model function chosen to represent a typical temperature distribution across a turbulent boundary layer: the temperature varies linearly for 0 5 y < 6 and proportionally to y1I7 for 6 < y 5 A, where A and 6 are given parameters having the sense of the thicknesses of the boundary layer and of the laminar sublayer, respectively.
The chosen temperature distribution is characterized by the four parameters: A, 6, T,, and T,. To specify the mole fractions of N2, H20 and C02, we assume for definiteness that the plasma is composed of products of combustion of a stoichiometric mixture of propane with air and oxygen, then these mole fractions are governed by one parameter (the ratio aidoxygen). It is sufficient therefore to specify a mole fraction of only one of major species. For example, one can specify the mole fraction x1 of the H20 molecules. Finally, the plasma pressure p and the magnetic field B must be specified. Thus, every computational variant is specified by the following set of input parameters: T,, T,, A, 6, p , B, x,, and 21. The alkali seed is supposed to be potassium.
Consider first the results of numerical computations for the case of the nonemitting cathode. The solution for the case T, = 1000K, T, = 2500K, A = 10 m , 6 = 0.1 m, p = 1 atm, B = 0, x, = 0.25%, x1 = 18% is depicted in Figs. 1 and 2 for j = -20 A/m2 and j = -40 A/m2, respectively. cp is the electrostatic potential, Te is the electron temperature (or, more accurately, the mean electron energy) evaluated in terms of the local values of E / n and T and of the mole fractions of the major species. The dashed lines in Fig. 1 show the profiles of the neutral temperature T and of the equilibrium quasineutral (Saha) number density of the charged particles ne., that have been used for the calculations.
The outer boundary of the space-charge sheath is very well pronounced. Gradients of the densities of the charged particles near this boundary are very considerable. The electron density in the inner part of the space-charge sheath is very small. While the current density increases by the factor of two, the density 
Distributions of parameters in the boundary layer on the nonemitting
of the ions in the space-charge sheath varies relatively slightly. Hence, increase of the current density is provided mainly by increase of the electric field strength. Increase of the thickness of the space-charge sheath also is not appreciable.
The current-voltage characteristics of the near-cathode boundary layer are shown in Fig. 3-$, being the voltage drop in the boundary layer. Line 1 corresponds to the same variant as above, lines 2-8 correspond to the variants which differ from this one as follows: 2: T, = 500K; 3:
T, = 2800K; 4: A = 100 mm, S = 0.2 mm; 5: p = 2 atm; 6: B = 2 T ; 7 : 2, = 0.5%; 8: 2 1 = 36%. (In other words, line 2 corresponds to the same parameters as line 1, except T, which is equal to 500 K ; line 3 corresponds to the same parameters as line 1, except T, which is equal to 2800 K, etc.) For the conditions of line 1 also, calculations without accounting for direct ionization have been carried out, as well as calculations without accounting for both of direct ionization and of the dependence of the electron mobility on E / n . Graphs of the corresponding current-voltage characteristics merge and are depicted by line 9. The graph of the current-voltage characteristics calculated without accounting for direct ionization for B = 2T also merges with line 9.
Decrease of the surface temperature results in a lower neutral temperature in the boundary layer, which causes decrease of the rate of stepwise ionization. It is natural therefore to expect that decrease of T, will lead to increase of resistance of the boundary layer and the voltage drop will increase, which in fact can be observed in Fig. 3 . Increase of the thickness of the This is due, respectively, to decrease of the mobility of the ions in the space-charge sheath and to increase of the rate of stepwise ionization in the sheath. The effect of direct ionization is not decisive, which is due to smallness of the electron density in the sheath. If direct ionization is absent, account for the dependence of the electron mobility on E / n affects the results only very slightly, which is understandable since the ions are main charge carriers.
The presence of the magnetic field results in small decrease of the effect of direct ionization. This is also quite clear-the presence of the magnetic field causes decrease of the effective mobility of the electrons, which results in decrease of the electron temperature and in decrease of the rate of direct ionization. On the other hand, the Hall parameter for the electrons is not large in the considered conditions due to the high electron temperature. For example, in the conditions of Fig. 2 , at the distance from the cathode surface 0.3 mm, where the ratio of the rate of direct ionization to the rate of stepwise ionization is maximal (and equal to 2), the electron Hall parameter for B = 2T equals 0.5. Therefore, decrease of the electron temperature and of the rate of direct ionization is not considerable.
The current-voltage characteristics represented by lines 7 and 8 are close, which is also quite understandable: the corresponding variants differ only by the values of the mole fractions of the seed atoms and of H20 molecules; variation of these parameters affects mainly the rate of stepwise ionization, however, this rate is equal for the both variants.
In all the above variants, the decisive contribution to the total near-cathode voltage drop is made by the space-charge sheath, if only the current density is not too small. Distributions of parameters in the boundary layer on the emitting Current-voltage characteristics for anode regimes are given in Fig. 4 , parameters of the lines are the same as those in Fig. 3. (Some examples of distributions of the charged particle densities and of the electric field in the near-anode layer obtained by means of the model close to the above-described may be found in [18] .) Variations of the parameters affect the voltage drop in the same directions as that in thet-eathode regimes. The difference is that increase of pressure results in the increased voltage drop for all values of the current density, which is due to the lesser importance of the effect of stepwise ionization in the near-anode space-charge sheath. For the same reason, the effect of the variation of the mole fraction of H20 is weak. Effect of the magnetic field is more considerable than in the cathode regime, which is the consequence of the fact that the Hall parameter for the electrons is of order unity due to a not-too-high electron temperature.
We proceed to the results for the emitting cathode. Photoelectric effect produced by radiation of highly excited electronic states of molecules (mainly of N2), secondary electron emission due to ion impact, and thermionic emission are electron emission mechanisms that may be important in the considered conditions. The effect of photoelectric effect has been found [16] to be not appreciable. Secondary electron emission may play a decisive role in loss of stability of the diffuse discharge on a cold cathode [17] . In contrast to photoelectric effect and to secondary electron emission, thermionic emission affects characteristics of the diffuse discharge in a Fig. 7 represents the profile of the neutral temperature that has been used for the calculations.
Distributions in Fig. 5 are similar to those in cathode regimes without emission; the difference is that the electron density is comparable to that of ions. The space-charge sheath is rather distinct. As the work function decreases, the thickness of the space-charge sheath decreases, the density of the charged particles grows, the electric field strength and the electron temperature decrease. Charge separation also decreases considerably. The distributions become similar to those in the anode regime at large current densities [18] , with the difference that the density of the repelled particles does not vanish at the electrode surface and the distribution of the electric field strength is nonmonotonic.
The current-voltage characteristics for various values of the work function are shown in Fig. 8 . As the work function decreases, the value of the voltage drop first also decreases and then becomes constant. Evidently, this is due to decrease of the voltage drop in the space-charge sheath down to very small values. w. COMPARISON TO THE EXPERIMENTAL DATA Experimental investigation of the diffuse discharge are numerous. Unfortunately, in many cases, it is difficult to carry out an accurate numerical modeling for particular experimental conditions due to insufficient information on parameters of the discharge given in a publication. The most complete data are presented in [23] - [25] . Comparison to these data is given below. These data have been obtained in laboratory experiments with the electrode implemented as a spherical segment conjugated smoothly with the conical support, placed in the flow of the seeded combustion products (Fig. 9) .
The plasma flow past the electrode is axisymmetric. Distributions of the neutral temperature and of the density of the seed atoms in the boundary layer at the electrode surface have been computed by means of the code [26] . (This code calculates a two-dimensional chemically nonequilibrium multicomponent viscous boundary layer of combustion products with an alkali seed.) The solution for the flow past a sphere has been used to describe the inviscid flow; the effect of the conical support had been neglected.
A distribution of electric current in the region of the inviscid flow is essentially two-dimensional; however, the voltage drop in this region is only a small fraction of the total electrodeplasma voltage drop, and current transfer in this region may therefore be excluded from consideration. On the other hand, current transfer across the boundary layer (that gives a decisive contribution to the electrode-plasma voltage drop) is locally one-dimensional, which is due to a small thickness of the boundary layer as compared to the electrode radius. Thus, the one-dimensional model considered above is applicable. Since distribution of the neutral temperature and of the seed atoms in different cross sections of the boundary layer are different, this model should be applied to each cross section separately. After the current-voltage characteristic of every cross section has been determined, the integral current-voltage characteristic of the boundary layer is calculated (in other words, a distribution of the current density over the electrode surface for every value of the voltage drop is found and integrated over the surface). This integral characteristic is given below (j being the average current density).
The current-voltage characteristics of the near-cathode boundary layer measured in [23] are practically independent of the temperature of the cathode surface in the range T, 5 700 K. This feature is revealed also by the results of the numerical modeling for these conditions. It is very interesting to note that in the conditions of the laboratory experiments [22] , the effect of the surface temperature is quite strong according to both the experiment [22] and the numerical modeling. Probably, such a considerable difference between the results for these seemingly similar conditions is due to the difference between the temperature profiles, resulting from different flow regimes: The boundary layer is laminar in the conditions [23] and turbulent in the conditions [22] . Note that the results presented in Section III also refer to the turbulent boundary layer, so the considerable effect of the surface temperature that can be seen in Fig. 3 does not contradict the above. One can conclude that the presented theory describes this fine effect reliably enough.
The examples of comparison of theoretical and experimental data are shown in Fig. 10 (the cathode regimes, experiment [23] ) and in Fig. 11 (the anode regimes, experiments [24] and [25] ). Fig. 10 refers to the range T, 5 700K, in which the effect of the surface temperature is absent. Since the surface temperature is low, the electron emission in these regimes was not accounted for in the modeling. Theoretical results are represented in these figures by line 1 and by lines 1-3, respectively.
The general appearance of theoretical and experimental data is the same, and a quantitative discrepancy is not large. Taking into account that resistance of the near-electrode layer in the cathode and anode regimes differs by three orders of magnitude while the theory contains no adjustable parameters, agreement between the theory and the experiment should be considered as quite reasonable. Note that a possible reason .of the above-mentioned quantitative discrepancy between theoretical and experimental data is nonadequacy for the considered experimental conditions of the profile of the neutral temperature used for the calculations (this profile has been computed neglecting the effect of the conical support on the gas dynamics of the flow). As an example, results of computations with compressed by 40% profile of the temperature are shown in Figs. 10 and 11 by lines 2 and 4-6, respectively. Agreement with the experiment improves.
V. CONCLUSIONS
Mathematical modeling of diffuse current transfer in nearelectrode boundary layers of a weakly ionized high-pressure molecular plasma is considered. The model is based on hydrodynamics transport equations for the ions and the electrons and on the Poisson equation. The equations are solved in the whole calculation domain without a priori division in the quasineutral region and the space-charge sheath, which allows us to treat in the framework of a single model boundary layers on a nonemitting cathode, an anode, and a cathode with emission, in a wide range of the current densities, with and without magnetic field, etc. Detailed results are presented for the plasma of the N2/H2O/C02 mixture with an alkali seed. Physics of current transfer is analyzed in a wide range of conditions. Theoretical data agree with laboratory measurements of the voltage drop in the near-electrode layer both for the cathode and anode regimes.
